Abstract 15
The Bacillus cereus group comprises multiple species capable of causing emetic or 16 diarrheal foodborne illness. Despite being responsible for tens of thousands of 17
illnesses each year in the U.S. alone, whole-genome sequencing (WGS) has not been 18 routinely employed to characterize B. cereus group isolates from foodborne 19 outbreaks. Here, we describe the first WGS-based characterization of isolates linked 20 to an outbreak caused by members of the B. cereus group. In conjunction with a 2016 21 outbreak traced to a supplier of refried beans served by a fast food restaurant chain in 22
upstate New York, a total of 33 B. cereus group strains were obtained from human 23 cases (n =7) and food samples (n = 26). Emetic (n = 30) and diarrheal (n = 3) isolates 24
were most closely related to B. paranthracis (clade III) and B. cereus sensu stricto 25
(clade IV), respectively. WGS indicated that the 30 emetic isolates (24 and 6 from 26 food and humans, respectively) were closely-related and formed a well-supported 27 clade relative to publicly-available emetic clade III genomes with an identical 28 sequence type (ST 26) . When compared to publicly-available emetic clade III ST 26 29 B. cereus group genomes, the 30 emetic clade III isolates from this outbreak differed 30 from each other by a mean of 8.3 to 11.9 core single nucleotide polymorphisms 31 (SNPs), while differing from publicly-available genomes by a mean of 301.7 to 528.0 32 core SNPs, depending on the SNP calling methodology used. Using a WST-1 cell 33 proliferation assay, the strains isolated from this outbreak had only mild detrimental 34 effects on HeLa cell metabolic activity compared to reference diarrheal strain B. 35
cereus ATCC 14579. Based on both WGS and epidemiological data, we hypothesize 36 that the outbreak was a single source outbreak caused by emetic clade III B. cereus 37 belonging to the B. paranthracis species. In addition to showcasing how WGS can be 38 used to characterize B. cereus group strains linked to a foodborne outbreak, we also 39 discuss potential microbiological and epidemiological challenges presented by B. 40 cereus group outbreaks, and we offer recommendations for analyzing WGS data from 41 the isolates associated with them. 42 1 Introduction 44
The Bacillus cereus (B. cereus) group, also known as B. cereus sensu lato 45 (s.l.) is a complex of closely-related species that vary in their ability to cause disease 46 in humans. Foodborne illness caused by members of the group primarily manifests 47 itself in one of two forms: (i) emetic disease that is caused by cereulide, a heat-stable 48 toxin produced by B. cereus within a food matrix prior to ingestion, or (ii) a diarrheal 49 form of the disease, caused by enterotoxins produced in the small intestine of the host 50
( Here we refer to isolates that carry ces genes encoding the cereulide biosynthetic 52 pathway as emetic isolates, and isolates that lack ces genes but carry either hbl or 53
cytK genes that encode diarrheal enterotoxins as diarrheal isolates. Here, we describe a foodborne outbreak caused by members of the B. cereus 66 group in which WGS was implemented to characterize isolates from human clinical 67 cases and food. To our knowledge, this is the first description of a B. cereus outbreak 68
in which WGS was employed to characterize isolates. By testing various 69 combinations of variant calling methodologies, we showcase how different 70 bioinformatics pipelines can yield vastly different results when pairwise SNP 71 differences are the desired metric for determining whether an isolate is part of an 72 outbreak or not. In addition to discussing the bioinformatic challenges, we examine 73 potential microbiological and epidemiological obstacles that can hinder 74 characterization of B. cereus group isolates from suspected foodborne outbreaks, and 75
we offer recommendations to guide the characterization of future B. cereus group 76 outbreaks using WGS. 77
Stool specimens were plated directly onto mannitol-egg yolk-polymyxin (MYP) 87 agar and incubated aerobically at 37°C for 24 h. Food samples were diluted 1:10 in 1 88 X PBS, pH 7.4 in a filter bag for homogenizer blenders and homogenized for 2 min. 89 One hundred µl of each homogenized sample were plated onto MYP agar and 90 incubated aerobically at 37°C for 24 h. The MYP agar plates for both the stool 91 specimens and food samples were observed after the 24-hour incubation period. 92
Individual B. cereus-like colonies (i.e., pink colored and lecithinase positive) were 93 subcultured to trypticase soy agar (TSA) plates supplemented with 5% sheep blood 94
and incubated aerobically at 37°C for 18-24 h. These isolates were identified as B. 95 cereus using the following conventional microbiological techniques: Gram stain, 96 colony morphology, hemolysis, motility, and spore stain. To differentiate between B. 97 cereus and B. thuringiensis, isolates were cultured for 48 h at 37°C on sporulation 98 agar slants. Smears were prepared, and slides were heat fixed and then stained using 99 malachite green and counter stained with carbol fuchsin (Tallent et al., 2012) . Slides 100
were then observed for the presence or absence of parasporal crystals. 101
rpoB allelic typing 102
The 33 outbreak isolates were streaked onto brain heart infusion (BHI) agar 103 from their respective cryo stocks stored at -80 ºC and incubated overnight at 37 ºC. 104
Single isolated colonies were inoculated in 5 ml BHI broth and incubated overnight at 105 32 ºC and used for genomic DNA extraction using Qiagen DNeasy blood and tissue 106 kits (Qiagen , FSL R9-6381, FSL R9-6382, FSL R9-6384, FSL  133  R9-6389, FSL R9-6395, and FSL R9-6399), as they did not carry genes encoding Hbl  134  and were therefore not expected to produce Hbl. Briefly, the temperature of cultures  135  and immunoassays was adjusted to room temperature. 150 µl of each isolate culture  136 were added to the immunoassay port, following the manufacturer's instructions. The 137
results were read as positive if a red line was visible after a 30-min incubation at room 138 temperature. Tests were considered valid only when controls lines were visible. 139
WST-1 metabolic activity assay 140
HeLa cells were seeded in 96-well plates at a seeding density of 8 x 10 4 141 cells/cm 2 (Fisichella et al., 2009 ) in Eagle's minimum essential medium (EMEM) 142
supplemented with 10% fetal bovine serum (FBS) and allowed to grow for 18-24 h at 143 37ºC, 5% CO2. The medium in each well was replaced with 100 µl of fresh medium 144 containing 5% v/v of bacterial supernatants (prepared as described above) that were 145 thawed, pre-warmed to 37ºC, and mixed. The medium containing supernatants was 146 added to the cells using a multichannel pipettor to minimize the variability in the 147 duration of cell exposure to the toxin amongst wells of a 96-well plate. Medium 148 containing 5% BHI was used as a negative control and medium containing 5% of 1% 149
Triton X-100 prepared in BHI (final concentration in the well of 0.05%) was used as a 150 positive control, with the latter expected to reduce the viability of HeLa cells. After 151 15 min of intoxication at 37 ºC, 5% CO2 (Miller et al., 2018) , 10 µl of WST-1 dye 152 solution (Roche) was added to each well of the plate, and the plate was incubated for 153 25 min at 37 ºC, 5% CO2, resulting in a total of 40 min exposure of cells to the 154 supernatants. After 30 s of orbital shaking at 600 rpm, the absorbances were read by a 155 microplate reader (Thermo Scientific Multiskan GO, Thermo Fisher Scientific) in 156 precision mode at 450 nm and 690 nm, the latter being subtracted from the former to 157 account for the background signal (i.e., corrected absorbances) ( using the kSNP3 and Parsnp pipelines. For all pairwise tree comparisons, a lambda 291 value of 0 was used along with 100,000 random trees as a background distribution, 292 and a Bonferroni correction was used to correct for multiple comparisons. Two trees 293
were considered to be more topologically similar than would be expected by chance if 294 a significant P value (P < 0.05) resulted after correcting for multiple testing (Katz et  295 al., 2017). 296
Calculation of average nucleotide identity values 297
FastANI version 1.0 (Jain, 2017) was used to calculate average nucleotide identity 298 (ANI) values between assembled genomes of isolates sequenced in this study and 299 selected reference genomes (Table 2) , as well as the genomes of 18 currently-300 recognized B. cereus group species (Table 3) . 301
Availability of Data 302
Trimmed Illumina reads for all 33 isolates sequenced in this study have been made 303 publicly available (NCBI BioProject Accession PRJNA437714), with NCBI 304
Biosample accession numbers for all isolates listed in Supplementary Table S1 The establishments where the outbreak occurred received 5 lb trays of pre-cooked, 333 sealed, and frozen refried beans from the production/packaging facility. The refried 334 beans would undergo cooking and a hot hold prior to consumption at the 335 establishments where the outbreak occurred. It was determined that the refried beans 336
were contaminated prior to preparation at the chain establishment. 337
Stool samples from suspect cases were cultured on MYP agar and B. cereus-338 like colonies were isolated from seven stool samples. Additionally, B. cereus-like 339 colonies were isolated from nine food samples that were collected from five 340 restaurants. In total, seven isolates from stool samples and 26 isolates from foods 341 were confirmed to belong to the B. cereus group using standard microbiological 342 methods. Isolates that were large Gram-positive rods, beta-hemolytic, and motile were 343 presumptively identified as B. cereus-like. Additionally, spore staining was performed 344
to differentiate between B. cereus and B. thuringiensis. All isolates were negative for 345 the presence of parasporal crystals, therefore the isolates were classified as B. cereus. 346
All 33 B. cereus group isolates underwent preliminary molecular characterization by 347
Sanger sequencing of rpoB, which revealed two distinct allelic types belonging to 348 phylogenetic clades III (rpoB allelic type 125; AT 125) and IV (AT 92). 349
WGS confirms presence of multiple B. cereus group species represented 350
among strains sequenced in association with the outbreak rpoB allelic types (ATs) assigned in silico were identical to those obtained using 352
Sanger sequencing for all 33 isolates (Table 3) . panC clade assignment confirmed the 353 presence of B. cereus from multiple clades (Table 3) , with clade III (n = 30) and clade 354 IV (n = 3) represented among the 33 isolates. In silico MLST further resolved the 355 clade IV isolates into two sequence types (STs): the two strains isolated from refried 356 beans served at two different restaurants had identical STs, while the single human 357 isolate belonging to clade IV had a unique ST (Table 3 ). All 30 panC clade III isolates 358 belonged to ST 26, including the remaining six human clinical isolates (Table 3) . effect on the viability of HeLa cells compared to supernatants of the 33 outbreak-390 associated isolates (P < 0.05; Figure 2 ). Furthermore, the viability of HeLa cells 391 treated with 0.05% Triton X-100, the positive control, was significantly lower 392 compared to viability of HeLa cells treated with bacterial supernatants (Games-393
Howell P < 0.05; Figure 2 ). Among all pairs of emetic isolates, only the viabilities of 394 HeLa cells exposed to the supernatants of isolates FSL R9-6409 and FSL R9-6387 395
were found to differ (P < 0.05; Figure 2 ). The differences in HeLa cell viability after 396 treatment with supernatants of these two emetic outbreak-associated strains are likely 397 due to biological variability among replicates, as outbreak-associated emetic isolates 398 were shown to be clonal (Figure 1) SNPs identified by each pipeline and reference combination varied by up to several 412 orders of magnitude ( Figure 3A) , often with little agreement between pipelines in 413 terms of the SNPs they reported (Figure 4 ). Independent of reference genome, the 414 CFSAN pipeline was the most conservative, consistently identifying the fewest 415 number of core SNPs when all 33 isolates were queried in aggregate (50, 27, and 0 416 core SNPs using reference genomes from clade III, IV, and VII, respectively) ( Figure  417 3A). This can be contrasted with the Samtools, Freebayes, and Parsnp pipelines, 418
which produced upwards of 100,000 core SNPs when the selected reference genome 419
was a member of one of the clades being queried in the outbreak isolate set (clade III 420 and IV; Figure 3A) . In cases where a distant genome was used as the reference (clade 421 VII's B. cytotoxicus type strain chromosome), all reference-based pipelines reported 422 fewer core SNPs than kSNP3's reference-free k-mer based SNP calling approach 423 ( Figure 3A ). 424 425
3.5 Choice of variant calling pipeline has greater influence on core SNP 426 identification than choice of closely-related closed or draft reference 427 genome for emetic clade III B. cereus group isolates 428
The 30 emetic clade III isolates were queried in the absence of their clade IV 429 counterparts using combinations of five reference-based variant calling pipelines 430 (Table 1) and two reference genomes (the closed chromosome of B. cereus str. 431
AH187 and contigs of one of the isolates identified in this outbreak; Table 2 ) and one 432 reference-free SNP calling method (Table 1) . In this scenario, the choice of variant 433 calling pipeline had a greater effect on the number of core SNPs obtained than the 434 choice of reference genome, as both reference genomes possessed the same virulence 435 gene profile (virulotype), rpoB AT, panC clade, MLST sequence type, and were of 436 the same species (B. paranthrasis ANI > 95) as the 30 emetic isolates ( Figure 3B ). 437
Congruent with this, the number of pairwise core SNP differences between emetic 438
isolates sequenced in this outbreak varied more with the selection of variant calling 439 pipeline than with reference genome ( Figure 5 ). When the closed chromosome of B. 440 cereus str. AH187 was used as a reference, pairwise core SNP differences among 441 emetic isolates from this outbreak ranged from 0 to 8 (mean of 2.9; CFSAN), 7 to 29 442 (mean of 16.1; Freebayes), 0 to 8 (mean of 2.8; LYVE-SET), 0 to 64 (mean of 23.6; 443
Parsnp), and 1 to 16 SNPs (mean of 8.2; Samtools) ( Figure 5 ). Using the reference-444 free kSNP3 pipeline, this range was 1 to 46 SNPs (mean of 16.7; Figure 5 ). The 445 CFSAN and LYVE-SET pipelines produced nearly identical results in terms of the 446 number and identity of the core SNPs called (23 and 22 SNPs, respectively; Figure 6 ), 447
while the two methods that relied on assembled genomes rather than short reads for 448 SNP calling (kSNP3 and Parsnp) produced the greatest numbers of core SNPs (Figure  449 3B). The topologies of phylogenies constructed using core SNPs identified by each of 450 the six pipelines also reflected this, as the topologies of the CFSAN/LYVE-SET and 451 kSNP3/Parsnp pipelines were more similar to each other than what would be expected 452 by chance (Table 4 and Figure 7) . 453
Within the emetic clade III isolates associated with this outbreak, a total of 32 454 core SNPs were identified by two or more of the reference-based variant calling 455 pipelines when B. cereus str. AH187 was used as a reference, half of which were 456 identified by all 5 pipelines ( Figure 6 ). Out of these 32 SNPs, 23 were identified in 457 protein coding genes, 14 of which produced non-synonymous amino acid changes 458
( Supplementary Table S3 ). Genes with non-synonymous changes were involved in 459 molybdopterin biosynthesis (WP_000544623. identified almost twice as many core SNPs as kSNP3 (4,597 and 2,593 core SNPs, 472 respectively). However, the topologies of phylogenies produced using the core SNPs 473 identified by each pipeline were found to be more similar than would be expected by 474 chance (Kendall-Colijn test P < 0.05; Figure 8 ). 475
Based on pairwise core SNP differences, the publicly-available genomes 476 showed greater variability than the outbreak isolates described here, regardless of 477 whether kSNP3 or Parsnp was used for variant calling (ANOVA-like permutation test 478 P < 0.05 make it important to consider the possibility of a multi-strain or multi-species 518 outbreak in addition to a single-source outbreak caused by a single strain. In the 519 outbreak characterized here, B. cereus group strains from two phylogenetic clades, III 520 and IV, were isolated from both human clinical stool samples, as well as refried beans 521 from food samples linked to the outbreak. The separation of outbreak-related isolates 522 into three diarrheal clade IV isolates (representing two distinct STs) and 30 emetic 523 isolates may be explained by one of the following scenarios: (i) the outbreak was 524 caused by refried beans contaminated with multiple B. cereus group species (isolates 525 from clades III and IV), both of which caused illness in humans, (ii) in addition to 526 housing emetic outbreak strains that belonged to clade III, samples of refried beans 527 and patient stool samples harbored clade IV B. cereus group isolates that were not 528 part of the outbreak but were incidentally isolated from stool and food samples, or 529
(iii) a subset of patient stool samples and food samples did not harbor B. cereus group 530 clade III isolates belonging to the outbreak, but did harbor clade IV strains that were 531 isolated and sequenced. In order to determine which of these scenarios explains the 532 presence of multiple B. cereus species among isolates sequenced in conjunction with 533 a foodborne outbreak, additional epidemiological and microbiological data are 534 needed. 535
Valuable metrics for inclusion/exclusion of B. cereus group cases in a 536
foodborne outbreak include patient exposure, patient symptoms (e.g., vomiting, 537 diarrhea, onset and duration of illness), levels of B. cereus present in implicated food 538 and patient samples (CFU/g or CFU/ml), cytotoxicity of isolates, and the approach 539 used to select bacterial colonies to undergo WGS (e.g., Glasset et al., 2016 540 recommend collecting at least five colonies representing a range of morphologies 541 from each potentially contaminated food sample). However, some of these data may 542 be more valuable than others: in their characterization of 564 substantially reduced the viability of the HeLa cells. 590
For the outbreak described here, results obtained using a combination of 591 microbiological, epidemiological, and bioinformatic methods indicate that hypothesis 592 (i), in which the diarrheal strains were part of a multi-species outbreak, can likely be 593 excluded. Evidence supporting the conclusion that the human clinical diarrheal isolate 594
was not part of the outbreak described here include: (i) the emetic symptoms reported 595 by the patient were incongruent with the virulotype of the isolate, (ii) the isolate had a 596
different ST compared to all other isolates sequenced in this outbreak, and (iii) the 597 isolate did not exhibit substantial cytotoxicity against HeLa cells (Figure 2 ). This may 598 be due to the fact that this case was not part of the outbreak and was due to an 599 infection or intoxication caused by another pathogen that leads to disease symptoms 600 similar to B. cereus (e.g., Staphylococcus aureus), or that this person was an 601 asymptomatic carrier of clade IV B. cereus (Ghosh, 1978; Turnbull and Kramer, 602 1985) that was isolated and sequenced instead of the clade III emetic outbreak isolate. 603
While we have shown here that WGS data can be a valuable tool for 604 characterizing B. cereus group isolates from a foodborne outbreak, our results also 605
showcase the importance of supplementing WGS data with epidemiological metadata 606 to draw meaningful conclusions from B. cereus group genomic data. Furthermore, the 607 availability of WGS and cytotoxicity data from a larger set of B. cereus isolates from 608 symptomatic patients may also provide an opportunity to use comparative genomics 609 approaches to further explore virulence genes that are linked to different disease 610 outcomes in the future. 611
Recommendations for analyzing Illumina WGS data from B. cereus group 612
isolates potentially linked to a foodborne outbreak 613 WGS is being used increasingly to characterize isolates associated with 614 foodborne disease cases and outbreaks, and rightfully so: it offers the ability to 615 characterize foodborne pathogens at unprecedented resolution, and it has been able to 616 improve outbreak and cluster detection for numerous foodborne pathogens (Allard et  617 Choosing an appropriate variant calling pipeline can be  634  particularly challenging for pathogens where there are limited data and expertise with  635 WGS (e.g., as is currently the case with B. cereus). 636
As demonstrated here, the choice of variant calling pipeline can greatly 637 influence the number of core SNPs identified in B. cereus group isolates associated 638 with a foodborne outbreak. In the case of a multi-clade outbreak, this effect can be 639 magnified: naively calling variants in isolates that span multiple B. cereus group 640 clades in aggregate can lead to orders of magnitudes of difference in the number of 641 core SNPs identified by different variant calling pipelines/reference genome 642 combinations. In a multi-clade outbreak scenario, it is essential to note that one is 643 effectively dealing with genomic data from multiple species (i.e., ANI < 95), making 644 it impossible to find a reference genome that is closely related to all isolates in the 645 outbreak. In the case of some reference-based pipelines that are specifically tailored to 646 identify variants in bacterial isolates from outbreaks (e.g., CFSAN, which is not 647 suited for bacteria differing by more than a few hundred SNPs), calling variants in 648 multiple clades or within a distant reference genome is inappropriate ( Figure 1 . Maximum likelihood phylogeny of core SNPs identified in 33 isolates sequenced in conjunction with a B. cereus outbreak, as well as genomes of the 18 currently recognized B. cereus group species (shown in gray). Core SNPs were identified in all genomes using kSNP3. Heatmap corresponds to presence/absence of B. cereus group virulence genes detected in each sequence uisng BTyper. Tip labels in maroon and teal correspond to the 7 human clinical isolates and 26 isolates from food sequenced in conjunction with this outbreak, respectively. Phylogeny is rooted at the midpoint, and branch labels correspond to bootstrap support percentages out of 500 replicates. F S L R 9 -6 4 0 9 F S L R 9 -6 4 0 6 F S L R 9 -6 4 1 3 F S L R 9 -6 3 9 4 F S L R 9 -6 4 0 7 F S L R 9 -6 3 8 2 F S L R 9 -6 3 9 0 F S L R 9 -6 3 9 1 F S L R 9 -6 3 8 4 F S L R 9 -6 3 9 3 F S L R 9 -6 3 9 5 F S L R 9 -6 4 1 2 F S L R 9 -6 4 0 4 F S L R 9 -6 3 8 3 F S L R 9 -6 4 0 8 F S L R 9 -6 3 8 6 F S L R 9 -6 3 9 9 F S L R 9 -6 3 8 8 F S L R 9 -6 3 8 5 F S L R 9 -6 3 9 6 F S L R 9 -6 4 0 3 F S L R 9 -6 3 8 1 F S L R 9 -6 4 0 1 F S L R 9 -6 4 0 0 F S L R 9 -6 3 9 8 F S L R 9 -6 3 9 7 F S L R 9 -6 4 0 2 F S L R 9 -6 3 8 9 F S L R 9 -6 4 1 0 F S L R 9 -6 4 0 5 F S L R 9 -6 3 9 2 F S L R 9 -6 4 1 1 D S M 
